Abstract The thermal history of the south-westernmost Black Forest (Germany) and the adjacent Upper Rhine Graben were constrained by a combination of apatite and zircon fission-track (FT) and microstructural analyses. After intrusion of Palaeozoic granitic plutons in the Black Forest, the thermal regime of the studied area re-equilibrated during the Late Permian and the Mesozoic, interrupted by enhanced hydrothermal activity during the Jurassic. At the eastern flank of the Upper Rhine Graben along the Main Border Fault the analysed samples show microstructural characteristics related to repeated tectonic and hydrothermal activities. The integration of microstructural observations of the cataclastic fault gouge with the FT data identifies the existence of repeated tectonic-related fluid flow events characterised by different thermal conditions. The older took place during the Variscan and/or Mesozoic time at temperatures lower than 280°C, whereas the younger was probably contemporary with the Cenozoic rifting of the Upper Rhine Graben at temperatures not higher than 150°C.
Introduction
In the light of the enhanced interest on new regenerative energy sources, several geothermal projects were targeted on the Upper Rhine Graben (URG) between Frankfurt (Germany) and Basel (Switzerland). Especially, thermal anomalies and the distribution of subsurface fluid pathways and their temperatures are of growing importance for the geothermal energy projects. These subsurface fluid flow regimes are the main factors influencing the thermal regime of a region. The understanding of the thermal history of the graben flanks, especially along the escarpments and their surroundings, is crucial for the understanding of the thermal regimes within the graben, as it was already suggested by previous authors (e.g. Lampe and Person 2002; Giersch 2006; Rybach 2007 ).
Faults play a major role as pathways for hydrothermal activity and may lead to locally elevated temperatures in their vicinity. Thermal springs and hydrothermal ore deposits are often related to such structural discontinuities (e.g. Sibson 1990 ). In the URG, several thermal anomalies, which are well-known features in active rift systems, have been identified (e.g. Haas and Hoffmann 1929; Werner and Doebl 1974; Teichmüller 1979; Person and Garven 1992; Schellschmidt and Clauser 1996; Lampe and Person 2002) .
While the thermal history of the central southern Black Forest (i.e. the eastern graben flank) was already investigated by fission-track (FT) analysis (Timar-Geng et al. 2004 , 2006 , the south-westernmost Black Forest has not been studied in detail until now.
To better constrain the thermal evolution of the southwestern Black Forest and the adjacent URG Main Border Fault fission-track (FT) thermochronology was applied (e.g. Tagami and O'Sullivan 2005) . Furthermore, to characterise the former hydrothermal fluid flow along the URG Main Border Fault, the FT data were integrated with detailed microstructural analyses of cataclastic rocks.
Fission-track analysis of apatite and zircon grains potentially constrains the host rock thermal history of shallow crustal levels below temperatures of about 380°C. Experimental studies and in-situ borehole observations indicate partial annealing zones (PAZ) of apatite (APAZ) between about 110 and 60°C (e.g. Gleadow and Duddy 1981) and for zircon (ZPAZ) between 380 and 180°C, respectively (Tagami 2005 and references therein). Additionally, these temperatures cover a large part of the temperature range that is typically reported for hydrothermal fluids. In distinct cases, the FT method could be an appropriate tool to understand the timing of hydrothermal activity, as shown in a few FT studies (e.g. Jelinek et al. 1999; Parry et al. 2001; Timar-Geng et al. 2004 .
Microstructural investigations of thin sections of the FTsamples provide further insight into the deformation regime, the relative age of tectonic movements, the syndeformational temperature and the presence and chemistry of fluids during or shortly after deformation. The combination of the FT method and microstructural investigations forms a good tool to get a better knowledge on the history of a fault zone in comparison to the regional thermal evolution, as it will be shown here on the example of the south-eastern URG Main Border Fault.
Geological framework
The study area is situated in SW Germany between the Black Forest, the URG and the associated Dinkelberg Block. East of the village Kandern at the south-eastern side of the URG, a road cut exposes the junction of the NNEtrending and nearly vertical eastern URG Main Border Fault with the WNW-ESE striking Kandern-Hausen Fault (Fig. 1) . Both fault systems were already active during the Variscan orogeny (Metz and Rein 1957; Illies 1967; Echtler and Chauvet 1992) . The outcropping granite is intensely deformed and displays substantial cataclasis, joints and discrete fault planes. Cataclasis and silicate veins indicate that pathways allowing for the ascent of fluids were formed.
The Kandern-Hausen Fault separates the Black Forest from the Dinkelberg Block, which takes an intermediate tectonic position between the Black Forest and the URG in the west. Here, Triassic and Jurassic strata are still preserved on top of at least 100 m thick Upper Permian sediments. The Kandern-Hausen Fault formed during the Palaeozoic as a dextral transtensive normal fault (Wirth 1984) and has been reactivated during the formation of the URG. Near Kandern along a steeply SSW-dipping fault plane a post-Mesozoic vertical displacement of about 450 m has been estimated (Wilser 1914) . However, since no marker horizon is available on the hanging wall, this value bears some uncertainty. A vertical displacement of ca. 1,500 m was estimated along the URG Main Border Fault between the Dinkelberg Block and the URG (Gürler et al. 1987) . Towards the graben interior the Main Border Fault is accompanied by a complex set of structures, which form a step-like escarpment and accommodate further graben subsidence. In the following, the junction of the Main Border Fault with the Kandern-Hausen Fault is called ''Kandern Fault Zone''.
The basement rocks today exposed in the southern Black Forest have been affected by regional metamorphism, large-scale thrust tectonics and extensive magmatic activity during the Variscan orogeny (e.g. Eisbacher et al. 1989; Echtler and Chauvet 1992; Hann and Sawatzki 2000) . At the end of the Variscan orogeny numerous intramontane basins were formed, as for example the so-called PermoCarboniferous Basin of Northern Switzerland (e.g. Thury et al. 1994) . During the Mesozoic, thermal subsidence accompanied by subordinate crustal extension led to the deposition of several hundreds of metres of continental and shallow marine sediments (e.g. Geyer and Gwinner 1991; Ziegler and Dèzes 2005) . The opening of the URG during the Cenozoic was related to the changes in the stress field and reactivation of pre-existing Palaeozoic structures (e.g. Schumacher 2002; Hinsken et al. 2007 ). Mid-Eocene fresh-water limestones are the first indicators for the onset of subsidence in the URG area (e.g. Berger et al. 2005a, b) . Furthermore, the EoceneOligocene alluvial fan deposits along the basin margins indicate an increasing relief and erosion of the rift flanks (Duringer 1988; Hinsken et al. 2007 ). In the southern URG, Upper Oligocene to Miocene strata were largely eroded due to Miocene regional uplift (e.g. Laubscher 1987; Ziegler 1994; Sissingh 1998; Berger et al. 2005a, b) simultaneously with the uplift of the graben flanks (Vosges and Black Forest).
The thermal history of the southern Black Forest is well documented by FT data along an E-W profile (Fig. 1 ) through the central southern Black Forest (Timar-Geng et al. 2004 , 2006 . After the emplacement of granitic plutons during Variscan times slow cooling of the upper crust dominated. Extensive hydrothermal activity with temperatures of *250°C during the Jurassic caused substantial overprint of the inherited apatite and zircon FT ages (Timar-Geng et al. 2004 , 2006 . A moderate cooling below 120°C affected the uppermost crystalline basement of the Black Forest between Jurassic and Late Eocene times, followed by a short heating event with temperature of up to 120°C coeval with enhanced subsidence of the URG during the Late Eocene to Early Oligocene (Timar-Geng et al. 2006) . Although the rocks generally cooled since then the exact thermal conditions during the Miocene are still a matter of debate (Timar-Geng et al. 2006, Ziegler and Dèzes 2007) .
Regional studies such as dating of ore mineralisations (e.g. Werner and Franzke 2001) along faults within the Black Forest provide data on the timing of hydrothermal activity and document several distinct phases between the Triassic and the Cretaceous (e.g. . Additionally, some fluid inclusion data from the eastern and western URG Main Border Fault display fluid flow with temperatures of up to 225°C related to tectonic activity (Fig. 1; Lüders 1994; Surma et al. 2003) . These hot fluid migrations are on the one hand dated as Cenozoic (Lüders 1994 ) and on the other hand a Mesozoic age is also possible (Surma et al. 2003) .
The thermal evolution of the study area east of Kandern after the Variscan emplacement of the Marlsburg-Granite (329 ± 3 Ma; Todt 1976) and the Schlächtenhaus-Granite (334 ± 2 Ma; Schaltegger 2000) is only roughly known and can be extrapolated from the FT data from the central southern Black Forest (Timar-Geng et al. 2004 , 2006 .
Interestingly some faults geometrically connect the Feuerbach diatreme, located *2.5 km NW of Kandern, with the Kandern Fault Zone (Fig. 1) Fig. 1 Geological map of the study area (modified after Metz and Rein 1957; Schnarrenberger 1985; Chantraine et al. 1996; Ernst and Hergesell 1997; Ustaszewski et al. 2005) . DB Dinkelberg Block, BF Belfort, BS Basel, FR Freiburg, MBF Main Border Fault, K Kaiserstuhl volcano Int J Earth Sci (Geol Rundsch) (2010) 99:285-297 287 mineralogical and petrographical similarities between this diatreme and the Kaiserstuhl (Fig. 1 ) volcanism suggest a Cenozoic age (Schreiner et al. 1957) . Therefore, it is the southernmost evidence of rift volcanism in the URG. Its relevance for the thermal regime at the Kandern Fault Zone is still unknown.
Samples, methods and results
Seven samples of the Black Forest crystalline basement were taken from the Schlächtenhaus-and Marlsburggranite in the south-western Black Forest (Fig. 1 
Fission-track analysis
Fission-track analysis on apatite and zircon was carried out applying the external detector method according to Naeser (1976) and Gleadow (1981) (see Appendix for details). Ten samples yielded 9 apatite and 10 zircon FT ages. All ages are reported as central ages (Galbraith and Laslett 1993) . Results are given in Table 1 and Fig. 2 . Zircon ages range between 109 ± 17 and 250 ± 26 Ma (Table 1 ; Fig. 2 ). The zircon FT ages of the detrital samples HD074, HD125 and HD184 do not differ significantly from their deposition ages within error. The fault related samples yielded the youngest ages of 109 ± 17 Ma (HD128) and 120 ± 20 Ma (HD130). Yet, due to a relatively strong zonation and metamictization, only a limited number of zircon grains could be analysed.
The apatite samples yielded ages ranging from 55 ± 4 to 103 ± 9 Ma (Table 1 ; Fig 2) . The majority of the apatite grains were of good quality but the low track density did not allow for statistically reliable track length measurements. Only in sample HD128 a total of 17 confined horizontal tracks could be measured yielding a mean track length of 10.5 lm. Yet also this sample has not been used for thermal modelling.
All samples from the sedimentary rocks yield apatite FT ages younger than their deposition ages, indicating that they have experienced certain amount of annealing due to thermal heating after their deposition.
Several zircon and apatite FT samples fail the v 2 -test, which implies that their central ages represent a mixture of more than one age population ( Table 1) . The large spread in single grain ages (Fig. 2) is probably related to the different annealing kinetics of the individual grains. The distinct annealing behaviour is probably related to variable amounts of accumulated a-damage and/or compositional variations (Green et al. 1985; Kasuya and Naeser 1988; Brandon et al. 1998 ).
Microstructural analysis
Thin sections of granitoid cataclasites were made for optical and scanning electron microscope (LM and SEM) studies. The samples originate from the same localities as the FT samples HD129 and HD130. Additionally, cathodoluminescence (CL) was studied on a light microscope connected to a CL-camera using 25 kV acceleration voltage and 0.025 mA sample current (Ramseyer et al. 1989) .
Two cataclastic deformation episodes can be distinguished for the NNE-SSW-striking faults of the Kandern Fault Zone. Evidence for the older episode (Cataclasite-I) are large, multi-component clasts, which have been healed and cemented before the formation of a younger cataclasite (Cataclasite-II; Fig. 3 ). In Cataclasite-I, quartz and feldspar are fractured (Fig. 3) . Quartz and feldspar clasts in discrete fractures are completely healed and have lost their angular shapes (Fig. 3c, d ). Instead, they appear as well-rounded (recrystallized) grains. Some healed cracks reveal structures indicative of bulging recrystallization ( Fig. 3c, d ; Stipp et al. 2002a, b) , but other observations indicating substantial crystal plastic deformation are missing. Kinking and gliding along (001) planes is observed in deformed biotite at the edges of Cataclasite-I clasts. After formation of Cataclasite-I, a set of thin barite veins formed (Fig. 3b) .
Cataclasite-II is characterised by fragmented and granulated quartz, feldspar, biotite, muscovite, hematite, and multi-component fragments originating from Cataclasite-I, all of them forming fine-grained matrix. All minerals show only brittle deformation features. Cataclasite-II forms clasts ranging from less than 1 lm to about 10-20 mm in cross-section (Fig. 3a, b) . The observed average size of the quartz fragments is slightly larger than for feldspar; most of the larger clasts are quartz minerals.
A series of syntaxial silicate veins cuts through all other structures. The silica-rich veins consist of adularia when Table 1 Apatite and zircon FT data according to the I.U.G.S. recommendations (Hurford 1990) . N are number of tracks counted shown in brackets. Analyses by external detector method using 0.5 for the 4p/2p geometry correction factor. Disp.
Dispersion, according to Galbraith and Laslett (1993) . Ages calculated as central ages according to Galbraith and Laslett (1993) cutting through K-feldspar and of quartz within quartz or plagioclase minerals. By means of cathodoluminescence two generations of silicate deposition have been observed. The first one cements fractures in quartz, plagioclase and K-feldspar with luminescent material of the same phase (Fig. 4a) . The closed fractures have the same optical orientation as the minerals in which the fractures occur and are hardly visible with LM or SEM (BSE contrast). The second generation is represented by the earlier described late silicate veins, and is low-luminescent (Fig. 4b) . The change from quartz deposition to adularia deposition can be observed as a colour change of the vein material from black to dark grey (Fig. 4b) .
To obtain the grain size distribution of the cataclasites several sets of back-scattered electron contrast SEM micrographs with a range of magnifications from 509 to 5,0009 were used. After manually tracing the grain boundaries in each of the individual images the grain areas (Galbraith 1988 (Galbraith , 1990 of the Kandern area sample set including the samples of the Kandern Fault Zone (shaded). The FT ages and errors were calculated using the software Trackkey (Dunkl 2002) were measured automatically with help of the public domain software ImageSXM (http://www.liv.ac.uk/*sdb/ ImageSXM/) and recalculated to radii of their equivalent circles. By combining the analyses of the individual images a composite grain-size distribution over several orders of magnitude can be obtained, described as a log (frequency) -log (size) histogram (Keulen et al. 2007 ). The slope D of the best-fit power-law curve through the points in this histogram represents the grain-size distribution of the fault gouge (Sammis et al. 1987) . Post-fracture healing of cataclasites reduces the relative amount of small grains with respect to large grains and causes a decrease in the D-value. The decrease in D values may provide a measure for the consolidation of the cataclasite (Keulen et al. 2008) .
The grain size distribution fits on a straight line in the log (frequency) -log (size) histogram (D value = 1.58). The minimum measured grain size has a radius of 1 lm and is the smallest grain size present with a statistically relevant resolution. The largest measured grain size is limited by the size of the thin section and is not the largest size of fragments in the rock.
Interpretation and discussion
Our zircon FT data from the Kandern area (central FT ages between 109 ± 17 and 250 ± 26 Ma) are compatible with the dataset of Timar-Geng et al. (2004, 2006) (Fig. 5) , who reported zircon FT central ages ranging between 136 ± 16 and 312 ± 29 Ma. Barring the detrital samples theses values are younger than the formation ages of the analysed samples suggesting that these rocks have experienced thermal overprint, at temperatures higher than the lower temperature boundary of the zircon partial annealing zone (ZPAZ), during the Mesozoic or later. The broad distribution of the single grain ages, as seen on the radial-plots (Fig. 2) , and the heterogeneity of the v 2 -test values reflect a complex thermal history, with probably more than one period of relative heating, or a long residence time for the samples within the ZPAZ. Timar-Geng et al. (2004) already suggested some thermal overprint in the basement of the Black Forest due to hydrothermal fluid activity during the Jurassic.
Estimation of the exact temperatures reached by the samples from the Kandern area during periods of reheating is a very difficult task. Tagami (2005) estimated the zircon partial annealing zone for natural zircons ranging between 380 and 180°C. This estimation was made without quantification of damages of the crystal lattice by alpha-decay. The accumulation of radiation damages caused by alphadecay is an important factor influencing the temperature range of the ZPAZ which can substantially lower its temperature boundaries (Kasuya and Naeser 1988; Brandon et al. 1998) . This is especially valid for samples, which were never heated up to temperatures exceeding the ZPAZ for a time allowing for total annealing (Rahn et al. 2004; Timar-Geng et al. 2004 ). Due to the fact that the zircon (2010) 99:285-297 291 samples from the Kandern area display a high degree of metamictization, most probably due to the alpha-decay, we assume that even temperatures below 180°C (ZPAZ boundary of Tagami 2005) could already cause some annealing of FTs in zircon.
Before we discuss the question concerning the heat source which affected the study area, we have to first evaluate the possible effect of burial on the analysed rocks. The estimations presented below are only minimum values for the eroded section above the sampled localities based on the approximate original thickness of the Mesozoic sediments and the eroded part of the Black Forest crystalline basement.
Although Permian sediments are still preserved not far from the studied area (Dinkelberg area, Fig.1 ) it is presumed that they were never deposited north of the Kandern-Hausen Fault, because this place was part of the northern border of the Permo-Carboniferous Basin of Northern Switzerland (Thury et al. 1994) . The Otterbach II borehole, near Basel (Switzerland), is situated *15 km south of the studied area and comprises a nearly complete section of ca. 1,350 m of Triassic to Upper Jurassic sediments on top of the Palaeozoic units (Häring 2002) . The section of the crystalline basement, eroded before the Mesozoic, at the sampled sites has been estimated of at least ca. 300-600 m, based on the present altitude of the outcrops beneath the mapped base of the Triassic palaeosurface in the Black Forest (e.g. Paul 1955; Zienert 1986; Wimmenauer and Schreiner 1990) . Therefore, a minimum amount of overburden of about 1,650 to 1,950 m is suggested for the basement samples from the study area. This clearly indicates that, assuming a rather normal geothermal gradient of about 30°C/km, the burial alone cannot account for the temperatures experienced by the analysed samples.
The thermal history of the studied area is further constrained by apatite fission-track analysis. Our apatite FT ages, ranging between 55 ± 4 and 103 ± 9 Ma, do not differ significantly from the previously published ages for the crystalline basement of the central southern Black Forest (20 ± 2 and 83 ± 12 Ma; Timar-Geng et al. 2006) . TimarGeng et al. (2006) reported a continuous cooling of the crystalline basement during the Cretaceous, Palaeogene, and the Early Eocene, based on apatite FT track length modelling, followed by short period of heating to temperatures of *120°C during Late Eocene to Oligocene. This significant heating period is contemporaneous to the initial rifting stage, independently constrained by subsidence in the URG (e.g. Hinsken et al. 2007 ). Our new data show evidence that this thermal overprint has also affected the Mesozoic sedimentary cover. Sample HD125, an Early Jurassic clay-to siltstone yielded an apatite FT central age (93 ± 20 Ma) younger than its deposition ages (178-184 Ma) suggesting that it has experienced partial annealing after deposition.
Yet a slightly modified thermal history form the one suggested generally for the study area must be proposed for the fault-related samples from the Kandern Fault Zone. The zircon FT ages (Fig. 5) of the fault-related samples HD128 (109 ± 17 Ma) and HD130 (120 ± 20 Ma) are slightly younger than the zircon FT ages from the southern Black Forest (this study, Timar-Geng et al. 2004 , 2006 . Although samples HD128 and HD130 from the Kandern Fault Zone overlap within 1r error interval with the young zircon FT ages determined in the central southern Black Forest (Timar-Geng et al. 2004 , 2006 , a tendency towards younger ages cannot be overlooked (Fig. 5) .
More detailed information on the thermal evolution of the fault zone can be obtained by integrating the microstuctural observations of the cataclasites from the Kandern Fault Zone together with FT results.
The fracturing and cementation structures of quartz resembling bulging recrystallization in Cataclasite-I correspond to similar microstructures, which have been observed at the transition between brittle and crystal-plastic deformation in other natural rocks (Fitz Gerald and Stünitz 1993; Stipp et al. 2002a, b) For bulging recrystallization in quartz, temperatures above approximately 280 ± 30°C at strain rates of 10 -12 s -1 were inferred (Stipp et al. 2002a, b) , whereas Trepmann and Stöckhert (2003) suggested seismic pulses at ambient temperatures of 300-350°C. In any case, the deformation temperature of Cataclasite-I appears to have been lower than about 280-300°C because of the lack of pervasive crystal-plastic deformation microstructures. Biotite grains inside cemented clasts of Cataclasite-I were deformed by kinking and gliding. Laboratory experiments on granites under high strain rates (10 -4 to 10 -6 s -1 ) at 300°C indicated that biotite deforms by a combination of fracturing, gliding and kinking (Tullis and Yund 1977; Kato et al. 2003; Keulen et al. 2007 ). The observed glide and kinking in biotite is consistent with slightly elevated temperatures of deformation, as inferred for quartz, but still below 280°C.
In Cataclasite-II, all minerals were deformed in a brittle manner. No evidence for aggregates of rounded quartz grains was formed. Biotite is always fractured. Mainly brittle behaviour has been observed for biotites that have been experimentally deformed at 180°C under strain rates of 10 -4 to 10 -6 s -1 (Kato et al. 2003) . The transition from brittle to semi-brittle behaviour of biotite in natural fault zones is estimated at about 150°C by Lin (1999) .
After the formation of Cataclasite-II silica-rich veins formed. Cataclasis led to enhanced permeability and a high grain surface area to grain volume ratio, which favoured the dissolution of silica. As silica is very insoluble and, therefore, very immobile at temperatures below approximately 70°C (e.g. Truesdell 1984) , the temperature is assumed to have been higher than ca. 70°C. Temperatures below 150°C are estimated for the formation of Cataclasite-II based on the veins, as well as quartz and biotite microstructures.
Cathodoluminescence investigations confirm the presence of two generations of cataclasites formed under different temperature conditions. Two phases of vein cementation are observed in quartz and K-feldspar. In Cataclasite-I, fragments are grown together with newly deposited luminescent material; Cataclasite-II veins are filled with non-luminescent material (Fig. 4) . Material precipitated under higher temperatures is luminescent, but vein filling precipitated under diagenetic temperatures hardly show any luminescence (e.g. Ramseyer et al. 1992; Milliken and Laubach 2000) .
The grain-size distribution of Cataclasite-II shows a D value of 1.58. This value is close to the value measured for parts of the San Andreas Fault (D = 1.60; Sammis et al. 1987) , the Qin-Ling Mountain, China (D = 1.59; Shao and Zou 1996) , and the Nojima Fault Zone, Japan (D = 1.59; Boullier et al. 2004; Keulen et al. 2008) . Keulen et al. (2008) showed that for granitoid samples, experimentally deformed at a rate of 10 -4 s -1 , the D values of 1.5 to 1.6 are the result of healing after heat treatment after deformation of the samples in presence of a fluid. The observed grain size distribution of Cataclasite-II in the Kandern Fault Zone is, therefore, most likely the result of healing of the cataclasite after deformation.
As outlined above, formation of Cataclasite-I occurred under higher temperatures (less than 280°C) than Cataclasite-II (between 150 and *70°C). If these syndeformational temperatures persisted long enough, full annealing of FT's in apatites of the fault-related samples will occur during the formation of Cataclasite-I and/or Cataclasite-II. Moreover, the temperature during the formation of Cataclasite-I was probably high enough to allow shortening of FT's in zircon for appropriate geological time spans.
Various scenarios for the formation of Cataclasite-I could be suggested based on the FT analysis and in particular the palaeo-temperatures determined by the microstructural analyses within the Kandern Fault Zone. First, during the Late Variscan emplacement of the Schlächtenhaus pluton (Schaltegger 2000) , a high geothermal gradient deformation and associated fluid migration could have provided the necessary conditions to produce the observed microstructures and estimated temperatures. Second, the observed features could be explained by repeated hydrothermal activity related to tectonic reactivation of Variscan structures during the Late Jurassic (e.g. . We have observed repeated fracturing after intermittent healing within the cataclasites, which indicates reactivation of the faults within the Kandern Fault Zone.
Both scenarios are valid to explain the formation of Cataclasite-I in agreement with the regional thermal evolution. During both scenarios the reported thermal conditions caused complete resetting of the zircon FT ages. The observed tendency to relatively young zircon FT ages Int J Earth Sci (Geol Rundsch) (2010) 99:285-297 293 from the fault-related samples (HD128 109 ± 17 Ma and HD130 120 ± 20 Ma) point to the presence of an additional heating event causing only partial annealing of FT's in zircon. Such a local event affecting the samples of the Kandern Fault Zone is suggested to occur in post-Jurassic times. The apatite FT single grain ages older than approximately 80 Ma (Fig. 2) of the fault-related samples (HD128, HD129) suggest that they have not experienced temperatures higher than 120°C over a significantly long time after 80 Ma. Therefore, a local anomaly along the Kandern Fault Zone with temperature conditions corresponding to the ZPAZ should have occurred after the Jurassic reheating period and clearly before the possible occurrence of a thermal pulse related to the rifting in the URG (B50 My, e.g. Hinsken et al. 2007) . Unfortunately, there is no further geological evidence for such an event and the proposed timing. As it was mentioned already a huge depositional hiatus between Late Jurassic and Late Eocene mask the geological evolution of this period. Therefore, the presence of thermal-tectonic event responsible for the observed microstructures of Cataclasite-I and/or the younging of the zircon FT ages at this time seems to be very difficult to be proven.
The thermal conditions estimated by the microstuctures for the formation of Cataclasite-II are valid for annealing of FT's in apatite. Depending on the heating duration the FT's in apatite experienced total or partial annealing. Therefore, the exact time of Cataclasite-II formation is also difficult to be constrained. However, Cataclasite-II has to postdate the final cooling below about 180°C, the lower boundary of the ZPAZ (Tagami 2005) , and the formation of Cataclasite-I. The apatite FT ages of the fault-related samples do not differ from the known apatite FT ages of the whole Kandern area (Table 1; Figs. 2, 5) . This suggests that the formation of Cataclasite-II should have occurred before or contemporary to the Late Oligocene to Miocene rifting during which temperatures not higher than 120°C within its rift shoulders have been reported (Timar-Geng et al. 2006) . Otherwise, the temperatures estimated for the formation of Cataclasite-II has to cause apatite FT ages clearly younger than the observed of the fault related samples. Therefore, the maximum time range for the Catalasite-II formation is suggested between the Late Jurassic and the Late Oligocene.
However, a high fluid flow during and after the formation of Cataclasite-II is witnessed by the occurrence of silicate veins. Fluid fluxes can increase along the fault zones before, during or after earthquakes due to an enhanced permeability (e.g. Sibson 1990; Tokunaga 1999; Hill et al. 1993; Huang et al. 2004) . Additionally, the D values of the grain size distributions of Cataclasite-II suggest a deformation during a seismic event. Therefore, a formation related to an enhanced tectonic and hydrothermal activity during the URG rifting seems to be very probable. This suggests a formation age of Cataclasite-II between about 30 and 50 Ma.
Conclusions
In general, the new apatite and zircon FT data from the south-western Black Forest are in line with the thermal evolution described previously for the central southern Black Forest (Timar-Geng et al. 2004 , 2006 . The last regional heating event up to temperatures within the ZPAZ occurred during the Jurassic from when on regional cooling dominated. This cooling was interrupted by a last heating event of up to 120°C, probably associated with the URG rifting during the Late Eocene to Early Oligocene.
The microstuctural analyses of cataclasites from the south-eastern part of the URG Main Border Fault clearly show that repeated tectonic reactivation, accompanied by hydrothermal fluid migration, have taken place after the Variscan orogeny. Two distinct periods of cataclasite formation under different thermal conditions are identified. The older one occurred at temperatures less than 280°C and the younger one below 150°C.
Integration of the microstructural observations with the FT data leads to a limitation of possible formation ages and scenarios for these events. Cataclasite-I formation was most probably either related to the Variscan orogeny or contemporary with the enhanced thermal conditions during the Jurassic. The cause of the younging of zircon FT central ages of the samples from the Kandern Fault Zone remains unclear. An additional post-Jurassic event could be responsible for the local occurrence of high thermal conditions along the Kandern Fault Zone, possibly leading to the observed shift in the zircon FT ages.
Cataclasite-II, younger than Cataclasite-I, postdates the last Jurassic heating episode and was most probably related to the Late Eocene to Oligocene heating event associated with the rifting of the URG.
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